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Seed Germination Responses to Seasonal Temperature and Drought Stress Are 
Species‐Specific but Not Related to Seed Size in a Desert Steppe: Implications 
for Effect of Climate Change on Community Structure 
Abstract 
Investigating how seed germination of multiple species in an ecosystem responds to environmental 
conditions is crucial for understanding the mechanisms for community structure and biodiversity 
maintenance. However, knowledge of seed germination response of species to environmental conditions 
is still scarce at the community level. We hypothesized that responses of seed germination to 
environmental conditions differ among species at the community level, and that germination response is 
not correlated with seed size. To test this hypothesis, we determined the response of seed germination of 
20 common species in the Siziwang Desert Steppe, China, to seasonal temperature regimes (representing 
April, May, June, and July) and drought stress (0, −0.003, −0.027, −0.155, and −0.87 MPa). Seed 
germination percentage increased with increasing temperature regime, but Allium ramosum, Allium 
tenuissimum, Artemisia annua, Artemisia mongolica, Artemisia scoparia, Artemisia sieversiana, Bassia 
dasyphylla, Kochia prastrata, and Neopallasia pectinata germinated to >60% in the lowest temperature 
regime (April). Germination decreased with increasing water stress, but Allium ramosum, Artemisia 
annua, Artemisia scoparia, Bassia dasyphylla, Heteropappus altaicus, Kochia prastrata, Neopallasia 
pectinata, and Potentilla tanacetifolia germinated to near 60% at −0.87 MPa. Among these eight species, 
germination of six was tolerant to both temperature and water stress. Mean germination percentage in 
the four temperature regimes and the five water potentials was not significantly correlated with seed 
mass or seed area, which were highly correlated. Our results suggest that the species‐specific 
germination responses to environmental conditions are important in structuring the desert steppe 
community and have implications for predicting community structure under climate change. Thus, the 
predicted warmer and dryer climate will favor germination of drought‐tolerant species, resulting in altered 
proportions of germinants of different species and subsequently change in community composition of 
the desert steppe. 
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Artemisia annua,	Artemisia mongolica, Artemisia scoparia,	Artemisia sieversiana,	Bassia 
dasyphylla, Kochia prastrata,	and	Neopallasia pectinata	germinated	to	>60%	in	the	low-
est	temperature	regime	(April).	Germination	decreased	with	increasing	water	stress,	
but	 Allium ramosum,	 Artemisia annua,	 Artemisia scoparia,	 Bassia dasyphylla, 




cantly	 correlated	with	 seed	mass	or	 seed	area,	which	were	highly	 correlated.	Our	
results	 suggest	 that	 the	 species‐specific	 germination	 responses	 to	 environmental	
conditions	are	important	in	structuring	the	desert	steppe	community	and	have	impli-
cations	 for	 predicting	 community	 structure	 under	 climate	 change.	 Thus,	 the	 pre-
dicted	warmer	and	dryer	climate	will	favor	germination	of	drought‐tolerant	species,	




either	 become	 established	 or	 die.	 Furthermore,	 seed	 germination	
may	increase	plant	fitness	if	animals	or	pathogens	attack	seeds	more	
than	 seedlings	 (Wenny,	 2000).	 Timing	 of	 seed	 germination	 deter-
mines	 the	 conditions	 for	 subsequent	 seedling	 establishment	 and	
plant	growth	and	 thus	 is	a	crucial	component	of	 fitness	 (Donohue,	
Casas,	Burghardt,	Kovach,	&	Willis,	 2010).	Consequently,	 germina-




Although	 germination	 response	 to	 climatic	 factors	 has	 been	
investigated	 for	 alpine/subalpine	 species	 at	 population	 and	 com-
munity	levels	(Cao	et	al.,	2018;	Cavieres	&	Arroyo,	2000;	Giménez‐
Benavides,	Escudero,	&	Pérez‐García,	2005;	Liu	et	al.,	2011,	2018;	


















allow	 species	 coexistence,	 since	 it	 can	 contribute	 to	 temporal	 dif-







germination	can	occur	only	 in	 response	 to	 specific	 combinations	of	
environmental	cues	present	in	the	field	such	as	temperature	regime,	
precipitation,	or	light	(Donohue	et	al.,	2010),	although	after	dormancy	

















studied	 regeneration	 traits	 is	 seed	 mass,	 which	 varies	 consider-
ably	 among	 and	within	 species,	 reflecting	 the	many	 evolutionary	












herbivory	and	climatic	 stress	before	 the	onset	of	 the	unfavorable	
season	(Brunner,	Herzog,	Dawes,	Arend,	&	Sperisen,	2015).	 In	the	
Amazon	 region,	 tree	 species	with	 small	 seeds	 commonly	occur	 in	
transitional	or	seasonal	forests,	and	large	seeds	are	generally	asso-
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Janzen,	1971)	and	thus	should	germinate	promptly	to	avoid	risks	of	
mortality.	Conversely,	 small‐seeded	 species	 are	 expected	 to	delay	
germination	and	thus	be	persistent	in	the	soil	seed	bank	(Rees,	1994;	
Venable	&	Brown,	1988).	Empirical	data	support	this	prediction	for	
grasslands	 (Grime,	Mason,	Curtis,	 Rodman,	&	Band,	 1981),	 but	 no	
conclusive	 evidence	 for	 it	 has	 been	 found	 in	 other	 temperate	 en-
vironments	(Moles	&	Westoby,	2010;	Leishman	&	Westoby,	1994).
Due	 to	 low	 rainfall	 and	 high	 evaporation,	 low	water	 potential	
caused	by	drought	 stress	also	affects	 seed	germination	 in	deserts	
(Alvarado	&	Bradford,	2002;	Volis	&	Bohrer,	2013).	However,	spe-
cies	vary	considerably	 in	response	of	seed	germination	to	drought	
stress	 (Kos	 &	 Poschlod,	 2008).	 Large	 seeds	 may	 buffer	 seedlings	
from	 the	 negative	 effects	 of	 drought	 (Leishman	 et	 al.,	 2000),	 and	
there	 is	 experimental	 evidence	 for	 the	 advantage	 of	 large	 seed	
size	 in	 establishment	 of	 plants	 under	 low	 soil	moisture	 conditions	
(Leishman	 &	Westoby,	 1994).	 Therefore,	 seed	 size	 is	 expected	 to	
be	positively	correlated	with	the	ability	to	germinate	under	drought	
stress.	 Germination	 only	 at	 high	 water	 potentials	 (low	 drought	
stress)	 is	 predictive	 of	 the	 environment	 for	 seedling	 growth	 since	
















&	 Venable,	 2004;	 Finch‐Savage	 &	 Leubner‐Metzger,	 2006).	
Germination	timing	is	important	in	determining	both	survival	prob-




would	be	 a	 powerful	 contributor	 to	differentiation	of	 germination	
niche	 between	 species	 (Schwienbacher,	 Navarro‐Cano,	 Neuner,	 &	
Erschbamer,	2012).
With	the	aim	of	understanding	seed	germination	strategies	at	
the	multi‐species	 scale	 in	 the	desert	environment,	we	 tested	 the	






TA B L E  1   Information	on	life	cycle,	growth	form	and	seed	mass	and	size	of	the	20	species	included	in	the	study
Species Code Life cycle Growth form
1,000‐seed mass 
(g) Seed length (mm) Seed width (mm)
Lagochilus ilicifolium LAIL Perennial Forb 6.384	(0.101) 4.48	(0.055) 2.86	(0.048)
Allium ramosum ALRA Perennial Forb 3.467	(0.028) 3.66	(0.037) 2.65	(0.06)
Allium polyrhizum ALPO Perennial Forb 1.876	(0.011) 2.50	(0.068) 1.67	(0.035)
Linum stelleroides LIST Annual Forb 1.697	(0.057) 3.94	(0.037) 2.34	(0.031)
Stipa breviflora STBR Perennial Grass 1.631	(0.017) 7.69	(0.178) 0.82	(0.02)
Allium tenuissimum ALTE Perennial Forb 1.584	(0.018) 2.22	(0.033) 1.84	(0.034)
Haplophyllum dauricum HADA Perennial Forb 1.139	(0.009) 2.35	(0.022) 1.46	(0.031)
Kochia prastrata KOPR Perennial Shrub 0.88	(0.012) 1.77	(0.037) 1.33	(0.026)
Bassia dasyphylla BADA Annual Forb 0.56	(0.05) 1.71	(0.048) 1.21	(0.028)
Amaranthus retroflexus AMRE Annual Forb 0.438	(0.003) 1.37	(0.021) 1.27	(0.021)
Heteropappus altaicus HEAL Perennial Forb 0.361	(0.007) 2.38	(0.044) 1.35	(0.022)
Potentilla tanacetifolia POTA Perennial Forb 0.358	(0.001) 1.48	(0.039) 1.16	(0.016)
Plantago depressa PLDE Perennial Forb 0.329	(0.005) 1.61	(0.026) 0.81	(0.013)
Artemisia sieversiana ARSI Annual Forb 0.312	(0.002) 1.9	(0.054) 0.89	(0.029)
Neopallasia pectinata NEPE Annual Forb 0.27	(0.005) 1.83	(0.015) 1.03	(0.021)
Potentilla multicaulis POMU Perennial Forb 0.231	(0.006) 1.239	(0.019) 0.89	(0.025)
Artemisia frigida ARFR Perennial Forb 0.106	(0.002) 1.3	(0.039) 0.57	(0.015)
Artemisia mongolica ARMO Perennial Forb 0.098	(0.002) 1.66	(0.031) 0.56	(0.031)
Artemisia annua ARAN Annual Forb 0.054	(0.001) 0.86	(0.016) 0.57	(0.015)
Artemisia scoparia ARSC Perennial Forb 0.047	(0.002) 1.01	(0.06) 0.53	(0.034)
Note.	Numbers	in	the	parentheses	are	SEs.	Annual	species	are	all	summer	annuals.	Species	are	organized	by	seed	mass.
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stressful	environment.	Specifically,	we	asked	following	questions:	













































in	 the	 steppe.	 At	 each	 temperature	 regime,	 seeds	were	 exposed	
to	 12	hr	 of	 dark	 and	 12	hr	 of	 cool	white	 fluorescent	 light	 (about	
100 μmol	m−2	s−1	of	photosynthetically	active	radiation)	each	day.	
For	each	temperature	regime	and	species,	four	Petri	dishes	of	25	














Money	 (1989)	 for	 PEG	 6000,	 were	 0.0,	 −0.003,	 −0.027,	 −0.155,	










analyzed	 by	 two‐way	 ANOVA,	 in	 which	 species	 and	 temperature	
regime	or	PEG	concentration	were	treated	as	 fixed	factors.	To	ex-
plore	 the	 relationships	 between	mean	 germination	percentages	 in	
different	 conditions	 (temperature	 regime	 and	 drought	 stress)	 and	
seed	 traits,	 standardized	 major	 axis	 regressions	 were	 performed.	
Germination	percentages	were	arcsine‐transformed	and	seed	mass/
area	 log‐transformed	before	analyses.	R	package	 “smatr”	 (Warton,	
Duursma,	 Falster,	 &	 Taskinen,	 2012)	 was	 used	 for	 standardized	
major	axis	regressions.
To	 determine	 the	 effects	 of	 phylogeny	 on	 seed	 germination	
response,	 we	 generated	 a	 phylogeny	 for	 our	 species	 list	 using	
Phylomatic	 (Webb	&	Donoghue,	2005).	We	scaled	branch	 lengths	
using	 known	 node	 ages	 from	 Wikstrom,	 Savolainen,	 and	 Chase	




signal	 or	 the	 tendency	 of	 related	 species	 to	 resemble	 each	 other	
(Blomberg,	Garland,	&	Ives,	2003).	All	data	were	analyzed	in	R	3.4.1	
(http://www.R‐project.org).















age	 increased	 with	 increased	 temperature	 (Figure	 1).	 At	 the	 lowest	
temperature	regime	 (April),	 seeds	of	Allium tenuissimum,	Allium ramo-
sum,	Artemisia annua,	Artemisia mongolica, Artemisia scoparia,	Artemisia 







Germination	 percentage	 differed	 significantly	 among	 species	
(F	=	53.43,	p	<	0.001)	and	water	potential	(F	=	906.55,	p	<	0.001).	
For	 all	 species	 tested,	 germination	 percentage	 decreased	 with	
increased	 water	 stress	 (Figure	 2).	 Germination	 percentage	 of	
most	 species	was	not	 affected	when	water	potential	was	higher	
than	−0.155	MPa	(Figure	2a–d).	However,	at	the	highest	drought	
stress	 (−0.87	MPa)	 germination	 percentage	 of	 most	 species	 de-
creased,	but	 seeds	of	Allium ramosum,	Artemisia annua,	Artemisia 
scoparia,	Bassia dasyphylla, Heteropappus altaicus,	Kochia prastrata,	
Neopallasia pectinata, and Potentilla tanacetifolia	 germinated	 to	
near	60%	(Figures	2e	and	3).
F I G U R E  1  Seed	germination	of	the	20	species	at	(a)	April	(0	/12°C),	(b)	May	(7/19°C),	(c)	June	(12/24°C),	and	(d)	July	(15/27°C)	
temperature	regimes.	Bars	represent	±1	SE.	See	Table	1	for	species	code
2154  |     YI et al.
3.4 | Relationships between seed germination and 
seed traits
Mean	germination	percentage	 in	 the	 four	 temperature	 regimes	
and	the	five	water	potentials	was	negatively	correlated	with	seed	
mass,	but	these	relationships	were	not	significant	 (Figure	4a,b).	
Similarly,	 mean	 germination	 percentage	 was	 negatively	 corre-
lated	 with	 seed	 area,	 which	 also	 was	 not	 significant	 (for	 tem-
perature:	R2	=	0.055,	p	=	0.318;	 for	water	potential:	R2	=	0.103,	
p	=	0.167).
F I G U R E  2  Germination	of	seeds	of	the	20	species	incubated	in	light	at	25°C	at	water	potentials	of	(a)	0,	(b)	−0.003,	(c)	−0.027,	(d)	−0.155,	
and	(e)	−0.87	MPa.	Bars	represent	±1	SE.	See	Table	1	for	species	code











cific	 germination	 timing	 in	 which	 some	 species	 readily	 germinate	






in	 winter	 and/or	 early	 spring	 and	 germinate	 in	 spring	 or	 summer.	
Our	results	show	that	seeds	of Allium ramosum,	Allium tenuissimum,	
Artemisia annua,	Artemisia mongolica, Artemisia sieversiana, Artemisia 
scoparia,	 Bassia dasyphylla,	 Kochia prastrata,	 and	 Neopallasia pec-
tinata have	 higher	 germination	 under	 low	 temperature	 regimes	
than	other	species	(Figure	1a),	suggesting	they	can	emerge	in	early	
spring.	However,	 this	 prediction	 needs	 to	 be	 viewed	with	 caution	
because	the	low	germination	of	some	species	at	 low	temperatures	
might	be	due	to	physiological	dormancy	that	would	have	been	bro-
ken	 by	 cold	 stratification	 during	winter,	 resulting	 in	 the	 ability	 of	
seeds	 to	 germinate	 at	 low	 spring	 temperatures	 (Baskin	 &	 Baskin,	
2014).	Therefore,	field	seedling	emergence	in	spring	may	be	differ-
ent	from	the	prediction	based	on	germination	responses	of	species	









drought	 stress	 suggest	 a	 complex	 set	 of	 germination	 strategies.	
Therefore,	seedlings	of	species	that	are	relatively	drought	resistant	
are	expected	 to	 germinate	over	 a	wider	 range	of	water	potentials	
than	 those	 with	 low	 drought	 resistance	 (Kos	 &	 Poschlod,	 2008).	
In	 our	 study,	 seeds	 of	 Allium ramosum,	 Artemisia annua,	 Artemisia 
scoparia,	Bassia dasyphylla, Heteropappus altaicus,	Kochia prastrata,	
Neopallasia pectinata,	 and	 Potentilla tanacetifolia	 germinated	 up	 to	
F I G U R E  3  Seed	germination	of	the	20	species	at	the	lowest	
and	highest	temperature	regimes	(a)	and	water	potentials	(b).	Bars	
represent	±1	SE.	See	Table	1	for	species	codes
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60%	even	 in	−0.87	MPa	 (Figure	2),	 indicating	that	some	species	 in	
the	community	have	high	tolerance	to	drought	stress.
Rainfall	 in	 deserts	 and	 steppes	 can	 vary	 substantially	 among	
years	 in	 both	 amount	 and	 timing,	 and	 thus	 successful	 seedling	
establishment	may	 be	 followed	 by	 complete	 reproductive	 failure	
(Beatley,	1967;	Burk,	1982;	Jakobsson	&	Eriksson,	2000;	Rosbakh	
&	 Poschlod,	 2015;	 Tevis,	 1958).	 Therefore,	 germination	 under	
drought	 stress	 is	 a	high‐risk	 strategy	 since	 the	 seedlings	may	die	
if	 the	 amount	 of	 follow‐up	 precipitation	 is	 not	 enough	 to	 sup-




nuals	 in	 Sonoran	Desert	 showing	 that	 coexisting	 species	 differ	 in	
their	 germination	 response	 to	 varying	 temperature	 and	 precipita-
tion	(Adondakis	&	Venable,	2004).	Therefore,	the	difference	in	the	
responses	 of	 germination	 to	water	 stress	 between	 species	 in	 our	
desert	steppe	community	spreads	germination	timing,	which	could	
mitigate	 the	 crowding	 effect	 in	 the	 resource‐limited	 (e.g.,	 water)	
ecosystem.	Furthermore,	species	partition	their	regeneration	niche	
through	 different	 responses	 to	 seasonal	 temperature	 regime	 and	
drought	stress	(Chesson	&	Huntly,	1988;	Pake	&	Venable,	1996).
We	 found	great	 variation	 in	 the	 response	of	 seed	 germination	
to	environmental	 conditions	both	within	 and	between	 species.	As	
an	example	of	within‐species	response,	seed	germination	of	Allium 
polyrhizum	 responded	 to	 temperature	 but	 remained	 constant	 as	








warmer	 and	 dryer	 climates	 would	 favor	 germination	 of	 Artemisia 
scoparia,	Bassia dasyphyl,	Kochia prastrata,	and	Potentilla tanacetifolia 
over	that	of	other	species	in	the	community,	which	would	result	in	
altered	 proportions	 of	 germinants	 of	 different	 species	 and	 subse-
quently	change	community	composition	of	the	desert	steppe.
Theoretical	 models	 predict	 that	 small	 seeds	 are	 more	 likely	 to	
delay	 germination	 than	 large	 seeds	 (Rees,	 1994;	 Venable	 &	 Brown,	
1988).	 Compared	 with	 small	 seeds,	 large‐seeded	 species	 have	 high	
fitness	due	 to	high	seedling	survival	 (Westoby,	Falster,	Moles,	Vesk,	













maximum	attainable	 seed	mass	 because	 a	 longer	 growing	 season	
provides	more	time	for	nutrient	accumulation	than	a	shorter	grow-
ing	season	 (Moles	&	Westoby,	2010).	Thus,	 selection	will	 thus	be	
more	likely	to	favor	large	seeds	in	wet	tropical	environments,	where	
a	high‐energy	period	extends	for	all	or	most	of	the	year.	However,	
for	 species	 in	 the	 desert	 there	 is	 limited	 time	 to	 complete	 their	









Kleindorfer,	 2008;	Grime	 et	 al.,	 1981;	Norden	 et	 al.,	 2009;	 Rees,	
1994;	Venable	&	Brown,	1988).	However,	our	results	are	consistent	











evidence	 for	 the	 advantage	 of	 large	 seeds	 for	 establishment	 under	
low	soil	moisture	conditions	has	been	reported	(Leishman	&	Westoby,	
1994).	However,	the	relationships	between	germination	under	drought	
stress	and	 seed	 size	might	differ	 among	ecosystems.	Therefore,	de-
termining	 the	 relationship	 between	 seed	 germination	 and	 seed	 size	
is	 important	 for	 predicting	 future	 community	 structures	 from	 this	
important	seed	trait	(i.e.,	seed	size).	In	our	study,	seeds	of	all	species	
originated	 from	 the	 same	 temperate	 arid	 habitat	with	 only	 280	mm	





cant	effect	on	emergence	 time	of	 Impatiens capensis	 (Howell,	1981),	














conditions.	However,	 they	 are	 able	 to	 partition	 their	 regeneration	
niche	through	a	heterogeneous	set	of	germination	responses	to	low	
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